Background: Impairment of cognitive function is often present in patients with carotid artery stenosis but the details of this dysfunction have rarely been reported. Our purpose was to elucidate the cognitive dysfunction in patients with unilateral severe carotid stenosis using comprehensive neuropsychological testing, and also to identify the specific underlying clinical and radiological factors.
INTRODUCTION
Carotid stenosis is an important risk factor for stroke. The major cause of cerebral ischemia in patients with stenosis of the internal carotid artery (ICA) is intracranial arterial obstruction due to thromboembolism. 1, 3 recent studies have also demonstrated the importance of hemodynamic factors to predicting the risk of ischemic stroke after ICA stenosis. Impairment of cognitive function has often been reported in patients with carotid artery stenosis, especially those who experience a major stroke. However, few studies have employed comprehensive neuropsychological testing to provide detailed descriptions of the cognitive impairment patterns related to ICA stenosis in patients with minor stroke or even in asymptomatic patients. This study analyzed the detailed pattern of the reduced neuropsychological test performance with the aim of identifying the specific clinical and radiological factors that influence the effects of carotid stenosis on cognitive function.
MATERIALS AND METHODS

Study population
The study cohort comprised 86 consecutive patients who were referred or admitted to the Department of Neurology, Eulji Medical Center, Daejeon, and whose intracranial or extra cranial arteries were evaluated using four-vessel angiography between February 2005 and January 2006. We enrolled 28 patients who had severe (70-99%) stenosis of the extra cranial ICA on angiography. Exclusion criteria were (1) combined intracranial severe stenosis or occlusion, (2) contra lateral ICA occlusion or severe stenosis, (3) significant disability (modified Rank in grade of ≥3), (4) large cortical infarct or basal ganglia, thalamus, or brainstem infarction, (5) recent stroke (less than 1 month after onset), (6) concomitant psychiatric and/or other neurological disease, (7) a geriatric depression score of ≥18, (8) major ischemic stroke, (9) subcortical small-vessel disease compatible with Binswanger's disease, (10) previous dementia, and (11) other medical disease that affected the performance in neuropsychological tests. These criteria resulted in the inclusion of 16 patients in the study.
Brain MRI, angiographic data acquisition, and brain SPECT A routine preprocedure stroke workup was performed in all cases using brain MRI and MRA. The MR studies were performed using a standard device with a 1.5-T magnet (GE Medical Systems, Milwaukee, WI; ver. 11.0 software platform). Standard clinical imaging sequences included axial T1-, T2-, and diffusion-weighted images, MRA at the circle of Willis, two-dimensional time-offlight MRI of the cervical carotid arteries, and dynamic contrast-enhancedelliptic centric MRA of the aortic arch through the circle of Willis. Two neuroradiologists independently read all the MRI scans. The stenotic vessels were measured on conventional angiograms according to the method described by the North American Symptomatic Carotid Endarterectomy Trial (NASCET) for cervical carotid lesions (Fig. 1) . Brain perfusion SPECT images were acquired in 12 patients (75%) using a triple-head gamma camera (Prism 3000; Picker International, Cleveland, OH) with a fanbeam collimator. Approximately 555 MBq of Tc-99m-HMPAO was administered.
Neuropsychological testing
Cognition was examined using the Seoul Neuropsychological Screening Battery and the Neglect Battery. All neuropsychological assessments were administered on the same day to each patient. The tests administered for the examined areas of neuropsychological functioning were as follows: attention and working memory toage, sex, and duration of education. The Korean version of the Mini-Mental State Examination (K-MMSE) was also applied.
Statistical analysis
Demographic and vascular factors were compared by   tests, and the results from each neuropsychological test were assessed using the t-test. Separate analyses were performed for the following between-patients subgroups: right-vs. left-side stenosis, symptomatic vs. asymptomatic patients, and ischemic lesions on MRI vs. no ischemic lesions.
RESULTS
The characteristics of the study participants are listed in Table 1 . The severe ICA stenosis was on the left and right in eight patients each. The mean age of the patients was 68.44 years (SD, 4.2 years range, 61-79 years). Eleven patients were male, and the mean duration of education was 6.69 years (SD, 3.4 years range, 2-16 years). The clinical manifestations were minor stroke and transient ischemic attack (TIA) in 10 and 3 patients, respectively, and 3 patients were asymptomatic. Risk factors and comorbidities included arterial hypertension (15 patients), diabetes mellitus (6 patients), tobacco use (9 patients), hyperlipidemia (4 patients), and coronary heart disease (4 patients). The demographics and vascular affective risk factors did not differ significantly between patients with right-and left-side ICA stenosis (p > 0.05).
MRI, angiography, and brain SPECT findings
Localized infarction in the periventricular or subcortical white matter (but not the cortex) on MRI was present in 11 of the 16 patients (69%). Six patients had an infarction in the left periventricular area, such as in Figure 1 , and the others had similar lesions on the right side. There were no cases of a large hemispheric lesion that included the cortex. Seven of the patients (44%) had combined contralateral ICA mild stenosis, and four (25%) had mild ipsilateral intracranial artery stenosis (Table 1) . Perfusion SPECT revealed ipsilateral frontotemporo-parietal cortical hypoperfusion in seven patients, no perfusion defect in two patients, ipsilateral frontal cortical hypoperfusion in two patients, and ipsilateral fronto-parietal cortical hypoperfusion in one patient.
Neuropsychological testing
Neuropsychological assessments revealed that 14 of the 16 patients had cognitive deficits in more than one domain of attention, frontal executive function, visual and verbal memory impairments, or visuospatial dysfunction. Frontal executive impairment was found in all patients. Memory dysfunction was found in 13 of the patients (63%); of which 8 showed working memory impairment and 9 had verbal memory impairment. Six of the nine patients with verbal memory problems showed retrieval deficit, and the other three patients showed the pattern of an encoding deficit. Eight of the 13 patients had visual memory impairment, of which 6 patients showed the pattern of retrieval deficit and 2 showed the pattern of an encoding deficit. Four of the 13 patients with memory problems had both verbal and visual memory problems. Attention problems were found in 8 of the 16 patients (50%), and visuospatial dysfunction was present in 7 of the 16 patients (43%). The score in the memory domain of the neuropsychological test was significantly worse in patients with left-side ICA stenosis than in those with right-side ICA stenosis (p < 0.05) ( Table 2 ). The mean cognitive score in the memory test was also significantly lower in patients with symptomatic ICA stenosis than in asymptomatic patients (p < 0.05) ( Table 3 ). The frontal executive function score was significant worse in patients with an ischemic lesion on MRI than in those without such a lesion (p < 0.05) ( Table 4) .
DISCUSSION
Patients with carotid stenosis are at risk of cognitive loss and vascular dementia, and this may also be a modifiable risk factor for cognitive decline. [7] [8] [9] [10] [11] [12] [13] [14] [15] There have been many reports of a relationship between ICA stenosis and cognitive function. A search of the literature cited on Medline and Psychic between 1980 and 1999 by Bakker et al. revealed that 14 of 18 studies concluded that cognitive deficits are present in patients with either symptomatic or asymptomatic carotid obstruction, with a mild and diffuse detrimental effect of carotid stenosis on cognitive function. But those authors identified methodological problems such as in the neuropsychological testing, and suggested the need for further prospective research to confirm their findings. The inclusion of patients with a past history of stroke or vertebrobasilar insufficiency in some studies reduces their validity, and most reports have not commented on the degree of stenosis. The lack of comparable control groups also makes the interpretation of neuropsychological data problematic. Our detailed and comprehensive neuropsychological testing revealed obvious cognitive deficits in all patients, with the severity varying from very mild to severe. The most common cognitive dysfunction was mild-tomoderate frontal executive impairment. These findings are consistent with the patterns of deficits observed in previous studies. [7] [8] [9] 13 A semantic or phonemic word fluency tests and the Stroop test are the most sensitive for assessing frontal executive function. The memory test scores were significantly worse in patients with symptomatic ICA stenosis and left-side stenosis than in those with asymptomatic ICA stenosis and right-side stenosis. Memory impairment mainly affects the working memory resulting in forgetfulness, and problems with retrieval deficit reflect frontal dysfunction, whereas encoding deficits reflect hippocampus dysfunction. Neglect, visuospatial dysfunction, and the performances of the verbal and visual memory did not differ significantly between the left and right sides. Vascular lesions on MRI were associated with significant differences in frontal executive function scores. We do not know the exact reason why the neuropsychological results did not reflect the functional cognitive asymmetry, but we presumed that these nonspecific neuropsychological differences between the right and left hemispheres were more attributable to diffuse cerebral dysfunction from hemodynamic factors, rather than to localize ischemic lesions.
Our study appears to show that neuropsychological tests are more sensitive than MRI to early changes in cerebral functioning due to atherosclerosis. We therefore recommend the routine inclusion of cognitive testing in future clinical trials designed to evaluate the cognitive function of patients with ICA stenosis, even those who are asymptomatic. The Tromso Study also showed that asymptomatic carotid stenosis in the absence of an MRI vascular lesion was associated with neuropsychological impairment. 8 We ascertained that the K-MMSE was not sufficiently sensitive to detect modest improvements in cognitive performance in the patients with carotid stenosis, since our comprehensive neuropsychological tests revealed that even patients with K-MMSE scores of 26-28 points exhibited obvious cognitive dysfunction. However, Pettigrew et al. suggested that the MMSE would be useful in predicting mortality or the first occurrence of stroke, TIA, or myocardial infarction in patients with asymptomatic carotid artery stenosis. 9 Carotid stenosis may be a marker of intracerebral or generalized atherosclerosis, perhaps resulting from microcirculatory disturbances due to microangiopathy and a reduction in cerebral perfusion due to impaired vasoreactivity with increased small-vessel resistance. [1] [2] [3] 18, 19 The carotid lesions could affect the development of lacunar infarction in dependent areas of the perforating arteries via a homodynamic or micro embolic mechanism. 1, 3, 16 The relationship between silent infarction and carotid disease has not been clarified, probably because of the difficulties of applying the appropriate methodology (e.g., patient selection, obtaining samples from outpatients, and defining comparative groups). The mechanism of cognitive impairment associated with carotid stenosis remains unclear, but possible mechanisms are lacunar infarction and small-vessel disease. 17, 18 A lacunar or ischemic lesion could arise from emboli producing multiple subclinical infarcts, or through smallvessel disease affecting subcortical structures and deep white matter. A lacunar infarction associated with ICA stenosis disturbs the prefrontal subcortical loops involved in executive control, but not global or memory function. The mechanisms underlying the relationship between lacunar infarction and executive dysfunction include disconnection or diaschisis of frontal-lobe function. Memory disturbance in patients with carotid stenosis may also be attributable to subcortical vascular disease causing frontal cortical dysfunction in those without hippocampus dysfunction caused by Alzheimer's disease. However, since our study excluded small-vessel disease, and even included patients without infarction on MRI, another mechanism may underlie the executive dysfunction. Bakker et al. found that cognitive function did not improve in patients with lactate present in noninfarcted white matter of the hemisphere ipsilateral to the ICA occlusion, and suggested that this reflects persisting hemodynamic impairment. 19 We do not know the definitive reason for the differences in memory impairment between left-and right-side ICA stenosis and between symptomatic and asymptomatic patients with ICA stenosis. However, we consider that these differences were not due to a higher rate of MRI lesions such as lacunar or cortical infarcts or white-matter hyper intensities in our study, because all patients with leftside stenosis and symptomatic patients did not have ischemic lesions on MRI, and also most patients with memory impairment showed diffuse cortical hypoperfusion in SPECT. Six of the 16 patients received carotid stent intervention therapy, and after 3 months of stent placement 3 of the patients with diffuse cortical hypoperfusion in SPECT showed dramatic cognitive improvement in neuropsychological testing (data not shown). It is not clear whether interventions such as stent placement or endarterectomy would have resulted in cognitive improvement in most of the patients with ICA stenosis, since it has been reported that some patients show significant improvements, others are unchanged, and others show deterioration. [20] [21] [22] [23] [24] [25] [26] The reason for these varying results are also unclear, but may depend on factors such as the assessed variable, the magnitude of micro emboli production, and the side of the affected vasculature. 24 Although our sample was small, we suggest that the pattern and degree of cognitive impairment should be assessed along with clinical symptoms, stenosis side, SPECT findings, and the presence of vascular lesions on MRI in patients with severe ICA stenosis when determining the intervention therapy. The limitations of our study are that it did not include a control group, functional imaging such as SPECT was not performed in all patients, and the sample was very small. The strengths of this study are the use of a standardized extensive neuropsychological test battery, and the use of MRI and four-vessel angiography for accurate detection of the vascular lesion and the degree of ICA stenosis. To our knowledge, this is the first investigation of the relationship between neuropsychological performance and clinical symptoms, the side of stenosis, and the presence of vascular lesions on MRI. We found that the presence of symptoms in ICA stenosis -even in the absence of a vascular lesion on MRI -has an important effect on cognitive function. Previous studies have also suggested the limitations of neuroimaging in assessing the presence of vascular dementia or vascular cognitive impairment. 8, 27 We therefore suggest that an additional mechanism beyond the structural lesion (e.g., chronic hypoperfusion) affects the cognition in patients with high-grade ICA stenosis. We further suggest that detailed comprehensive neuropsychological testing should be used to detect vascular cognitive impairment in patients with carotid stenosis, and that chronic hypoperfusion ischemia is the cause of vascular cognitive impairment
